Resistively-detected NMR measurements on 2D electron systems near the ν = 1 quantum Hall state are reported. In contrast to recent results of Gervais et al. [Phys. Rev. Lett. 94, 196803 (2005)], a dispersive lineshape is found at all RF powers studied and Korringa-like nuclear spinlattice relaxation is observed. The shape of the unexplained dispersive lineshape is found to invert when the temperature derivative of the longitudinal resistance changes sign. This suggests that both Zeeman and thermal effects are important to resistively-detected NMR in this regime.
Two dimensional electron systems (2DES) in semiconductors are weakly coupled to the nuclear magnetic moments of the host material via the hyperfine interaction. This coupling allows for studies of the spin degree of freedom in the electronic system via nuclear magnetic resonance (NMR) techniques. Among the several important findings that have stemmed from this connection, the discovery of multi-spin "skyrmion" excitations in the quantum Hall effect (QHE) regime is particularly significant [1] . Resistively-detected NMR (RD-NMR), in which the resistance of the 2DES is modified by NMR excitation, has also led to intriguing observations, including signatures of competition between collective electronic phases with different electronic spin configurations [2, 3, 4, 5] .
Typically, the hyperfine coupling between nuclear moments and 2D electron spins is expressed in terms of an effective magnetic field B N . This field, which does not influence the orbital motion of the 2D electrons, contributes to their spin Zeeman energy: E Z = gµ B (B +B N ), with g the electron g-factor, µ B the Bohr magneton, and B the externally applied magnetic field. B N depends upon the nuclear spin polarization and can reach several tesla in GaAs. Consequently, it is often assumed that, at least for electronic phases in which the Zeeman energy contributes to the energetics and transport in the 2DES, modification of B N via radio-frequency (RF) excitation is what enables RDNMR. Interestingly, B N and B have opposite signs in GaAs, owing to the negative g-factor (g ∼ −0.4) of electrons in the conduction band. As a result, destruction of nuclear polarization via NMR excitation usually increases the electronic Zeeman energy.
NMR-induced modification of E Z in 2D systems is almost certainly the origin of some of the RDNMR responses which have been reported [2, 3, 4, 5] . However, more complex RDNMR effects have also been found. Desrat, et al. [6] reported a curious "dispersive" RDNMR lineshape (vs. frequency) near the integer QHE state with one fully occupied spin-resolved Landau level (i.e. near filling factor ν = 1). They found that in slow fre-quency sweeps through the NMR line the longitudinal resistance R xx displays roughly equal positive and negative excursions from its equilibrium value. Desrat, et al. suggested that this unusual resonance shape might be due to the formation of a skyrmion lattice. Interestingly, dispersive lineshapes have also been reported at certain other filling factors [4, 7] .
Here we report RDNMR studies of 2D electron systems in the QHE regime, focussing on the regions surrounding ν = 1. In agreement with Desrat, et al. [6] , we find that the equilibrium RDNMR response has a dispersive frequency dependence near ν = 1. While the amplitude of this response evolves continuously with RF power, its dispersive shape remains the same down to the lowest powers studied. Using a frequency-jumping technique we determine the nuclear spin-lattice relaxation rate T −1 1 near ν = 1. We find that T −1 1 exhibits a Korringa-like temperature dependence near ν = 1. Most interestingly, we find that the shape of the dispersive RDNMR line inverts at a well-defined filling factor on the flank of the ν = 1 QHE. Remarkably, this shape inversion coincides with a change in sign of dR xx /dT , the temperature derivative of the longitudinal resistance. This suggests that Zeeman effects are not solely responsible for RDNMR near ν = 1 and that thermal effects also play a role.
The samples used in the present experiments are modulation-doped GaAs/AlGaAs heterostructures containing high mobility 2DESs. For the data presented here, the 2DES is confined in GaAs at a single interface with AlGaAs and is laterally patterned into a wide (500 µm) Hall bar geometry. The density of the 2DES is N s ≈ 1.6 × 10 11 cm −2 and its low temperature mobility is µ ≈ 8 × 10 6 cm 2 /Vs. Diffused In ohmic contacts enable low frequency (13 Hz, typically) magneto-transport measurements. Cooling of the 2DES occurs primarily through the well-heat-sunk (and filtered) Au wires attached to these contacts. Importantly, the thermal relaxation time of the 2DES (measured via pulsed ohmic heating experiments) is quite short, less than 0.1 sec. throughout the regime of these experiments. An approximately rectangular 8-turn NMR coil is wound around the sample for applying a RF magnetic field H 1 parallel to the 2DES plane and perpendicular to the applied dc magnetic field. We estimate H 1 to be in the 0.1 -0.5 µT range [8] . These RF fields are far smaller than the typical nuclear dipolar field, H d ∼ 100 µT. Heating induced by the RF was readily calibrated out using the measured temperature dependence of the 2DES resistivity; all temperatures quoted here have been corrected for this effect. Figure 1 displays the longitudinal resistance R xx in the present sample as a function of perpendicular magnetic field at T = 70 mK. The broad minimum centered around B = 6.4 T reflects the ν = 1 QHE state in which the 2DES density N s matches the degeneracy eB/h of the lowest spin-resolved Landau level. The inset to Fig.  1 shows the response of R xx to a slow sweep of the frequency of RF excitation of the NMR coil surrounding the sample. For these data the magnetic field is set to B = 7.1 T, i.e. on the high field flank of the ν = 1 QHE minimum. At this field ν ≈ 0.90 and R xx is just becoming significant as quasi-holes in the lowest Landau level delocalize and begin to conduct. A strong resonant response is apparent in the figure and corresponds to NMR of the 75 As nuclei in the sample. As first observed by Desrat, et al. [6] the resonance has a dispersive, or "derivative" shape: R xx falls below its equilibrium value on the low frequency side of the resonance and then rises above it on the high frequency side. The approximately 15 kHz width of the resonance is about one order of magnitude larger than that expected from simple nuclear dipolar broadening. The distribution of Knight shifts resulting from the shape of the 2D electron subband wavefunction is almost certainly a significant contributor to the observed width [1] . Varying the excitation current I used for the magneto-transport measurement from 2 nA to 100 nA produced no qualitative effect on the shape of these resonances. We emphasize that while dispersive lineshapes like that in Fig. 1 are also found on the low field flank of the ν = 1 QHE, they are by no means ubiquitous in the QHE regime. Non-dispersive, or "conventional" RDNMR lineshapes are more commonly seen [3, 4, 6, 13] . For example, at ν = 1/2 we and others have observed simple, unipolar RDNMR lineshapes [4, 5, 14] . The RDNMR spectrum shown in Fig. 1 was obtained by sweeping the RF frequency slowly (0.13 kHz/sec) through the line. At this rate the difference between sweeping the frequency up vs. down is small. RDNMR spectra can also be obtained by abruptly adjusting the frequency to a value f within the resonance region from a value f 0 several linewidths away [6] . The resistance R xx responds by relaxing to a new value. After equilibrium is reached, the frequency is then reset to f 0 and R xx returns to its off-resonance value. Collecting a series of such transients, with different on-resonance frequencies f , allows construction of the entire RDNMR spectrum. Good agreement with slowly swept spectra like that in Fig. 1 is obtained. This frequency-jumping technique also allows for examination of the dependence of the RDNMR signal ∆R xx /R xx on the RF power delivered to the NMR coil. Figure 2 shows this power dependence in a typical dispersive RDNMR line at the two frequencies where ∆R xx /R xx is maximally positive and negative. At the maximum power shown we estimate H 1 ≈ 0.5 µT. In addition to demonstrating that the nuclear spin system is not saturated, these data prove that the dispersive character of the RDNMR lineshape in our sample persists down to the lowest powers used (H 1 ≈ 0.1 µT).
The transient relaxation of R xx following the return of the RF frequency f to its off-resonance value f 0 offers a simple way to assess the nuclear spin lattice relaxation rate T −1 1 . We find that T −1 1 varies monotonically with frequency across the RDNMR line, faster rates being observed on the low frequency side of the line. This variation is not surprising given the distribution of Knight shifts arising from the shape of the 2D electron subband wavefunction. The low frequency side of the RDNMR resonance corresponds to the largest Knight shifts and thus derives from those nuclei lying near the maximum of the subband wavefunction. These same nuclei will relax faster than those in locations where the subband wavefunction is small, consistent with our observations. While the transient responses of R xx when jumping off the low frequency side of the RDNMR line are well-fit by a simple exponential, this is not the case on the high frequency side. Here the transients exhibit a long tail which we speculate arises from nuclei outside the quantum well whose influence is felt via slow nuclear spin diffusion. In the following we report T 1 values obtained from the low frequency side of the line, at the frequency where the RDNMR response is maximally negative [10] .
In agreement with previous work [11, 12, 13] , we find short T 1 times (∼5 sec. at T = 50 mK being typical) near ν = 1, with local maxima in the rate T −1 1 both below and above ν = 1. Côté, et al. [16] have attributed this fast relaxation to low-lying spin-wave modes of a skyrmion solid and used it to explain the enhanced heat capacity reported by Bayot, et al. [15] . The maximum in T −1 1 on the low ν side of ν = 1 at T = 70 mK is shown in Fig. 3a . At each point in Fig. 3a a dispersive RDNMR lineshape is observed. Figure 3b shows the temperature dependence of T −1 1 at ν = 0.88, i.e. near the maximum in T −1 1 vs. ν. The data reveal that T −1 1 is linear in temperature from T = 120 mK down to about 45 mK. The solid line in the figure corresponds to the best-fit Korringa law: T 1 T = 0.28 sec-K. This temperature dependence is consistent with the theory of Côté, et al. [16] .
Recently, Gervais, et al. [17] have reported RDNMR measurements near ν = 1 on a 2DES with mobility 17 × 10 6 cm 2 /Vs and density 1.6×10 11 cm −2 , confined to a 40 nm GaAs quantum well. They find a dispersive lineshape only at high RF powers. For RF powers corresponding to H 1 ≈ 1 µT they instead find that ∆R xx shows only negative excursions as the RF frequency is swept through resonance. In contrast, we find a dispersive lineshape down to H 1 ≈ 0.1 µT. Gervais, et al. also report long T 1 times (from ∼ 20 to 600 sec.) and that T −1 1 rises with falling temperature, in the same regime of temperature and filling factor where we find the opposite behavior. Although these discrepancies might be related to sample and/or measurement differences, we have reproduced our basic findings on the lineshape and the T 1 temperature dependence using a 2DES with mobility 14×10 6 cm 2 /Vs, confined to a 30 nm GaAs quantum well.
A dispersive lineshape is inconsistent with the usual model in which RDNMR is due solely to a hyperfineinduced increase of the electronic Zeeman energy. The low temperature transport properties of the ν = 1 QHE are believed to reflect the existence of skyrmionic quasiparticles, the energy gap for which increases monotonically with E Z . As a result, the ν = 1 QHE should be strengthened by an NMR-induced increase in E Z and the resistance R xx exhibit a simple minimum vs. frequency.
Alternatively, the dispersive RDNMR lineshape might reflect the temperature of the electron gas, driven out of equilibrium via interaction with the nuclear spin system and the RF electromagnetic field. Since dR xx /dT > 0 near well-developed QHE states, the data in Fig. 1 could imply that the electron gas is colder than the background thermal reservoir (crystal lattice, metallic ohmic contacts, etc.) on the low frequency side of the NMR line, but hotter than it on the high frequency side.
To investigate this possibility, we have examined the relationship between the dispersive RDNMR resonance and the magnitude and sign of dR xx /dT . While dR xx /dT > 0 in the immediate magnetic field vicinity of ν = 1, it crosses zero and changes sign on moving further away. Sign changes such as these are commonplace in the QHE regime, although a complete understanding of them does not exist. If the RDNMR lineshape reflects the electron temperature, its shape ought to invert when dR xx /dT changes sign. Figure 4 demonstrates that this is precisely what occurs. In Fig. 4a the R xx peak on the high magnetic field flank of the ν = 1 QHE is shown at three closely-spaced temperatures: 62, 65, and 70 mK. A clear sign change in dR xx /dT is observed at B ≈ 7.65 T. Figs. 4b and 4c display RDNMR spectra at B = 7.6 and 7.7 T, fields which straddle the sign change in dR xx /dT . The two spectra have clearly inverted shapes. In both cases, the electron gas appears to cool on the low frequency side of the resonance and to warm on the high frequency side. Not surprisingly, RDNMR signals are very weak closer to the sign change where dR xx /dT ≈ 0. At higher temperatures the QHE minimum in R xx narrows and the field where dR xx /dT changes sign shifts. Figure 4d shows that the RDNMR shape inversion faithfully tracks these shifts [9] ; the solid dots give the magnetic field of the sign change while the open circles and squares are fields where RDNMR spectra with the same basic inverted shapes shown in Fig. 4b and 4c , respectively, are observed. These fields closely straddle the location of the sign change and thus strongly suggest that the RDNMR shape inversion and the dR xx /dT sign change are coincident. We emphasize that while the T ≈ 65 mK data in Fig. 4a suggest that the dR xx /dT sign change coincides with the maximum in R xx , this is not true in general. At higher temperatures the sign change occurs at a significantly lower field than the maximum in R xx . From these several observations we conclude that the RDNMR spectra are essentially proportional to dR xx /dT , at least in the vicinity of ν = 1. This supports the idea that the RDNMR lineshape reflects small (∼ 1 mK) temperature changes of the 2DES.
A model which might account for these observations is built around the idea that RF photons, detuned slightly from resonance with the nuclear Larmor frequency, can nonetheless induce nuclear spin flips if the energy mismatch is accomodated by the 2D electron gas [18] . For RF frequencies ω RF less than the nuclear Larmor frequency ω N (positive detuning) the electron gas must supply energy to the nuclear system. As a result, cooling of the electrons occurs. For negative detuning, ω RF > ω N , the electron gas absorbs the excess energy and heats up. However, it is difficult to reconcile this model with the usual descriptions of non-saturated NMR under low power continuous RF illumination. Since the dispersive RDNMR lineshape is independent of the frequency sweep rate (so long as it is sufficiently slow), a steady-state description ought to be possible. In this case the Bloch equations reveal that the nuclear spins are heated out of equilibrium and energy is flowing into the lattice degrees of freedom, including the 2D electron system. Cooling of the electron gas thus seems unlikely.
An alternative model of the dispersive lineshape recognizes that NMR-induced heating of the nuclear spin system has two distinct effects on the electron gas. One is the increase in the electronic Zeeman energy described in the introduction. In addition, however, the hot nuclei will naturally heat the electron gas to some degree. Near the ν = 1 QHE the former effect reduces R xx while the latter increases it. Importantly, the two effects have different dependences on RF frequency. The Zeeman effect, just like the Knight shift, is largest on the low frequency side of the NMR line. In contrast, the NMR-induced heating of the electron gas is roughly independent of frequency across the NMR line. These different frequency dependences could thus explain the dispersive shape of the RDNMR line. But this model also has flaws: While the heating effect on R xx will change sign with dR xx /dT it not obvious why the Zeeman effect would. We can only comment that the Zeeman energy dependence of R xx is well understood only close to ν = 1; how it behaves at larger |ν − 1| is unknown.
In conclusion, we have examined resistively-detected NMR near the ν = 1 quantized Hall effect. We find a dispersive lineshape at all RF power levels. Accurate measurements of the nuclear spin-lattice relaxation time are in good agreement with theoretical expectations. Surprisingly, we find the shape of the RDNMR line inverts when the temperature derivative of the longitudinal resistance, dR xx /dT , changes sign. While this is not yet understood, it strongly suggests that both Zeeman and thermal effects are important in RDNMR near ν = 1.
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